arXiv:hep-ph/0503127vl 14 Mar 2005 


USM-TH-164 

CPT-2004/P.134 


Transverse single spin asymmetries in photon production 

Ivan Schmidt* *®, Jacques Softer^, Jian-Jun Yangi“ ,c 
“Departamento de Ffsica, Universidad Tecnica Federico Santa Maria, 

Casilla 110-V, Valparaiso, Chile 
b Centre de Physique Theorique, UMR 6207 § , 

CNRS-Luminy, Case 907 F-13288 Marseille Cedex 9 - France 
department of Physics, Nanjing Normal University, 

Nanjing 210097, China 

Abstract 

Transverse single-spin asymmetries (SSA) in inclusive reactions are now consid¬ 
ered to be directly related to the transverse momentum of the fundamental par- 
tons involved in the process. We find that the ideal probe to extract information 
on the gluon Sivers function is the transverse SSA of prompt photon production 
pp\ —> 7 X, at large px- The following related processes, pp 1 —> 7 + jet + X, 
pp'' —> 7 * + X —> p + p~ + X and pp'' —> 7 + X are also briefly discussed. 
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At present there is a wealth of experimental observations of single spin asymme¬ 
tries (SSA) in many different processes. Large SSA have been measured in pp^ — > nX, 
where one proton is transversely polarized, and in which the produced pion prefers 
to come out, either to the right or to the left of the plane formed by the beam di¬ 
rection and the proton polarization vector, depending on its charge. This effect was 
first observed at FNAL more then ten years ago, in experiments done by the E704 
Collaboration [1], at center-of-mass (c.m.) energy y/s ~ 20 GeV. It occurs also at 
a/s = 200 GeV, as observed recently for n° production by the STAR Collaboration 

[2] , in the first spin run at BNL-RHIC. Although the data appear to have very little 
energy dependence, a careful study of the unpolarized cross section leads to conclude 
that the SSA, in these two energy regimes, may have two different dynamical origins 

[3] . Several SSA have been also measured in hyperon (and antihyperon) inclusive 
production pN —> V 1 A, at various energies [4], but a suitable detailed interpreta¬ 
tion of these rich polarization data is still missing. Moreover, recently an azimuthal 
asymmetry has been also observed in semi-inclusive deep-inelastic scattering (SIDIS) 
Ip r —> InX, for targets polarized transversely (A UT ) and longitudinally ( A UL ) relative 
to the direction of the unpolarized incoming lepton beam direction [5, 6]. 

Although these SSA are not yet fully understood, they are expected to give valu¬ 
able information on the orbital angular momenta of quarks and gluons inside the 
hadron. Furthermore, they provide us with an understanding of QCD at the ampli¬ 
tude level, which comes from the fact that the SSA is proportional to the interference 
of a spin flip and a non spin flip amplitude, out of phases. Therefore in perturbation 
theory such an interference effect, which requires an imaginary part, is generated 
at the one loop level. The interference is between wave functions with angular mo¬ 
menta J z = ±1/2 and hence contains information on the partons orbital angular 
momenta [7]. Moreover, the required matrix element measures the spin-orbit corre¬ 
lation S • L within the target hadrons wavefunction, the same matrix element which 
produces the anomalous magnetic moment of the proton, the Pauli form factor, and 
the generalized parton distribution E which is measured in deeply virtual Compton 
scattering. 

In practice, essentially two mechanisms have been proposed in order to explain the 
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SSA. The first one is to generalize the parton distribution functions by considering 
distributions that depend on the transverse momenta of these partons, and the 
second is to take into account higher twist operators [8]. Recently it was shown that 
there is a direct relation between these two approaches, so in fact they are expected to 
produce very similar effects. In the case of the dependent distribution functions, 
the SSA can be produced either by quark distributions, which is called the Sivers effect 
[9], proposed long time ago, or by quark fragmentation functions, which is called the 
Collins effect [10]. For some time it was thought that the Sivers function vanished, 
but this was shown not to be the case in an explicit simple model calculation [7]. 

In general both the Sivers and the Collins effects will be present in a specific 
reaction, although there are some cases in which only one of them contributes. For 
example, the Collins effect is the only mechanism that can lead to asymmetries Ajjt 
and Am, defined above. On the other hand, it does not appear in some electroweak 
interaction processes, where there is only the Sivers effect. In this paper we will 
concentrate on the Sivers function, whose existence was proved by considering final 
state interactions in a diquark model [7, 11]. The diquark model can only predict 
the Sivers function for the valence quarks, and it is also of interest to calculate it for 
sea quarks or for gluons. In fact, the gluon Sivers function was mentioned for the 
first time in Ref. [12], and only recently it was also considered in jet correlations [13] 
and in D meson production [14] in p^p collisions. Just as the quark Sivers function 
is related to the hadrons anomalous magnetic moment, the gluon Sivers function is 
connected with the gluons contribution to the same anomalous magnetic moment, a 
quantity which in general is difficult to obtain. 

The direct photon production in pp collisions can provide a clear test of short- 
distance dynamics as predicted by perturbative QCD, because the photon originates 
in the hard scattering subprocess and does not fragment, which immediately means 
that the Collins effect is not present. This process is very sensitive to the gluon struc¬ 
ture function, since it is dominated by the quark-gluon Compton subprocess in a large 
photon transverse momentum range. Prompt-photon production, pp(pp) —> jX, has 
been a useful tool for the determination of the unpolarized gluon density and it is 
considered one of the most reliable reactions for extracting information on the polar- 
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ization of the gluon in the nucleon [15]. Some years ago, the E704 Collaboration [16] at 
FNAL measured single spin asymmetries for direct photon production in pp collisions 
at 200 GeV/c. Although the single spin asymmetry for the direct-photon production 
was found consistent with zero, within the experimental uncertainty, there is nowa¬ 
days a real possibility to increase the precision of the measurement. In this letter, we 
show how to relate the transverse SSA to the gluon Sivers function. 

There are only two hard scattering processes for the direct photon production in 
high pt collisions. One is the lowest-order Compton subprocess, qg —> '-yq and the 
other one is the lowest-order annihilation subprocess, qq —> 7 g . However, since the 
first subprocess is dominant in pp —» r yX collisions, the unpolarized cross section 
for producing a photon of transverse momentum px and rapidity y can be written 
approximately as 


d(J = Y. 


d/X n I d k Tad k Tb 


X a x b 


Xa - (pt/\ fs)e y 


[Qi(x a , \z. Ta )G( y x b , k Tb ) 


x -77 (qi,G -»• < 337 ) + G(x a , k Ta ) < 3 * ( 27 , k Tb )^(Gqi —>• < 337 ) 
at at 


( 1 ) 


where < 33 ( 2 :, k T ) [ G( 2 ;, k T ) ] is the quark [gluon] distribution function with specified 
k^. A priori kx, the magnitude of k-r, is expected to be small compared to yfs, where 
s is the center of mass energy of the reaction pp —> 7 X. Therefore in order to simplify 
our discussion, we will use the following expressions 

_ Xaipr/y/s) e~ y _ 0 Px/y/s ) e y 

x a - [pr/y/S) e* ’ ™” 1 - (pr/V5) e~» ’ U 

which are valid only in the collinear approximation. The subprocess cross section is 


%(.qi Q -»• <ki) = 
at 


■Ke q aa s 


3s 2 


u s 

— + — 

s u 


(3) 


and by replacing u by t, one obtains the other internal cross section occurring in 
Eq. (1). Here a is the fine structure constant, a s is the strong coupling constant, 
e q denotes the quark charge and s, t, u stand for the Mandelstam variables for the 
parton subprocess 
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S = x a x b s, u = -XaVT\[se y , t = - x b p T \fse y . ( 4 ) 

According to the general definition of the k T -dependent parton distributions 
f(x, ky) (/ = q, G ) inside a transversely polarized proton, where spin- rip is labeled 
with | and down with j, it is clear that 

f(x, k r ) = ^[VV,k T ) + fi(x,k T )] 

= ^[M x ^t) + Mx, -k T )] = f(x,kr), (5) 

whereas for the Sivers functions [9] we have 


Af N (x, k T ) = / T (x, k T ) - fi(x, k r ) 

= fr(x, k T ) - f\(x, — k T ) = A f N (x, k T )S p ■ p x k T . (6) 

Here S p denotes the transverse polarization of the proton of three-momentum p and p 
is a unit vector in the direction of p. The correlation proposed by Sivers corresponds 
to a time-reversal odd triple vector product. Now we can define the SSA as 


Aa r ~ 


d,A N a 

da 


(7) 


where dA N a = da^ — da f, whereas da = da^ + da' 1 and we have 


dA N a = dx a d 2 k Ta d 2 k Tb 


x a x b 


x a ~ ( Pt / Vs) ey 


[qi(x a , k Ta )A N G(x b , k Tb ) 


x^(qiG —> qa) + G(x a . k Ta )A N qi(x b , k Tb )^(Gqi —> qa) 
dt dt 


( 8 ) 


A priori the kr-dependence of all these parton distributions is unknown, but as an 
approximation one can assume a simple factorized form for the distribution functions 
and take for example, as in Ref. [12], 


f(x,k T ) = }(x)\(k T ), 


(9) 


where A (hr) is flavor independent, and a similar expression for the corresponding 
Sivers functions 
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A N f(x,hr) = A N f(x)r](k T ) . (10) 

In such a situation ", it is clear that the SSA will also factorize and then it reads 


A^(s, x F , p T ) = #(pr)A 7 (s, x F )S p • p x p T , (11) 

where p F is the transverse momentum of the photon produced at the c.m. energy a/s, 
and H(pt) is a function of p F , the magnitude of p T . We also recall the well known 
relation between y and x F , namely x F = 2 smhy^px/\fs). 



Both Sivers functions for quarks and gluons are involved in A 7 (s,Xi?), and there¬ 
fore we want to identify a kinematic region where the gluon Sivers function dominates. 
To achieve that it is necessary to determine in Eqs. (1) and (8), the range of integra¬ 
tion over x a and to study the relative magnitude of x a and xj,. As an example, using 
Eq. (2) with sfs = 200 GeV and p F = 20 GeV, the results for x m i n versus x F are 
shown in Fig. 1(a) and we find that x m i n ~ x F in the region x F > 0.3. On the other 
hand, Xb versus x a is shown in Fig. 1(b) and we see that when x a is integrated over 
^The simplifying assumptions used above for the kinematics in the collinear approximation (see 
Eq. (2)), is justified by taking Gaussian expressions for A (hr) and y^fr)- 
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the range [x mm , 1], the main contribution comes from the low ay values. Therefore, 
when we look at the large xp region, where x a is large but ay is small, the asymmetry 
can be approximately expressed as 

A’is.xr) = , (12) 

where (A ^G) and (G) mean the corresponding values over an appropriate integrating 
range. Unlike the quark Sivers functions, for which several theoretical calculations 
have been performed, for example in a spectator model with axial-vector diquarks 
(see Ref. [11] and references therein), the gluon Sivers function have not been really 
investigated, so we will not try to use a numerical estimate for A ^G. On the exper¬ 
imental side the inaccurate result of Ref. [16] is anyway irrelevant for our purpose, 
because it concerns the central region xf ~ 0. On the other hand it is worth men¬ 
tioning the measurement of the SSA in the very forward production of photons in 
pp collisions at yfs = 200GeV with p T « 0.5GeV, consistent with zero [17]. The 
fact that they measure all photons and not only direct photons, makes these data 
also irrelevant. This forward kinematic region is indeed quite accessible at RHIC, 
since the PHENIX Collaboration has already released the unpolarized cross section 
for pp —> 7 A" at a/s = 200GeV, in the central region for p T up to 18 GeV [18], 
in fair agreement with NLO pQCD calculations. The same calculation predicts for 
p T ~ 8 GeV and xp ~ 0.3, a cross section of about 40pb/GeV 2 [19]. We hope this 
will be a good motivation to undertake the measurement of the SSA, but we know 
that the extraction of the gluon Sivers function, even if it turns out to be large, will 
not be straightforward. Among the various effects which might dilute the SSA, it is 
important to mention the effects of QCD gluon resummation [20, 21] and Sudakov 
effects have been shown to lead to significant suppression of the SSA considered in 
Ref. [13], 

Other similar processes are pp'' —> 7 + jet + X, muon pair production pp'' —» 7 * + 
X — > p + p~ + X and pp'' —> 7 +A. The Erst reaction is certainly very interesting also, 
because by detecting simultaneously the photon and the jet, one has both rapidities 
to consider and Eq. (12) becomes simpler, with no integrations. For muon pair 
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production, the outgoing photon is monitored by its conversion to muon pairs and 
this process is more difficult to study experimentally. Finally, in the case of pp'' —» 
7 +X, the quark annihilation process qq —> jg dominates, which makes it unpractical. 
Therefore, the ideal probe to extract the gluon Sivers function is the transverse single 
spin asymmetry of prompt photon production at high pr, and RHIC is obviously very 
suitable to realize this important measurement with good precision. 
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